A new FAD (flavin adenine dinucleotide)-dependent halogenase HalY from Streptomyces sp. JCM9888 was reported to be involved in the regioselective halogenation of adenine. HalY is a variant B FAD-dependent halogenase that is most similar to the halogenase PltA involved in pyoluteorin biosynthesis. This study reports the overexpression and purification of HalY with an N-terminal hexahistidine tag, followed by crystallization experiments and X-ray crystallographic analysis. HalY was purified as a monomer in solution and crystallized to give X-ray diffraction to a resolution of 1.7 Å . The crystal belonged to the monoclinic space group P2 1 , with unit-cell parameters a = 41.4, b = 113.4, c = 47.6 Å , = = 90, = 107.4 , and contained one monomer of HalY in the asymmetric unit, with a calculated Matthews coefficient of 2.3 Å 3 Da À1 and a solvent content of 46%. The structure of the halogenase CndH was used as a search model in molecular replacement to obtain the initial model of HalY. Manual model building and structure refinement of HalY are in progress. research communications Acta Cryst. (2015). F71, 972-976 Zhao et al. FAD-dependent halogenase from Streptomyces sp. JCM9888 973
Introduction
More than 4500 halogenated natural products have been isolated to date and the majority of these contain either chlorine or bromine (Smith et al., 2013) . Many of these halogenated compounds are biologically active, ranging from vancomycin, which depends on chlorine for its bactericidal activity (Williams & Bardsley, 1999) , to the potent anticancer compounds cryptophycin A (Sailler & Glombitza, 1999) and rebeccamycin (Pereira et al., 1996) . While stereoselective or regioselective halogen incorporation is a challenge in organic chemistry, the corresponding biosynthetic pathways remain elusive and it is difficult to identify the correct regioselective halogenase and the substrate for halometabolite formation (van Pé e, 2012) .
Owing to the thriving process of genome sequencing, increasing numbers of halogenases with regioselectivity have been identified and characterized. The halogenases can be classfied into three groups based on the cofactor of the reaction (Smith et al., 2013) : (i) FAD-dependent halogenases, which catalyze the electrophilic halide attack of electron-rich substrates, (ii) nonhaem iron and -ketoglutarate-dependent halogenases, which use a substrate radical mechanism to allow the halogenation of an aliphatic carbon centre, and (iii) SAM (S-adenosylmethionine)-dependent halogenases, including the natural fluorinase first isolated from Streptomyces cattleya, which catalyze the formation of 5 0 -fluorodeoxyadenosine through nucleophilic fluorination. The FAD-dependent halogenases comprise the largest and the most extensively characterized group of halogenases. The three-dimensional structures of FAD-dependent halogenases reveal two discrete reaction modules (Dong et al., 2005; Zhu et al., 2009) . The conserved FAD-binding module uses FADH 2 to form a hypohalous acid, which is then delivered through a 10 Å channel to the substrate-binding module; the substrate-binding module is diverse, determines the substrate specificity of various FAD-dependent halogenases and is where the electrophilic halogenation occurs. Based on the form of the substrate, FAD-dependent halogenases can be divided into variant A and variant B subgroups (Buedenbender et al., 2009) : variant A halogenases accept the free form of the substrate, such as the amino acid tryptophan, while variant B Figure 1 Multiple sequence alignment of the FAD-dependent halogenases from Streptomyces sp. JCM9888 against the homologous halogenases from the biosynthetic pathways of pyoluteorin (PltA, AAY92059.1), chondrochloren (CndH, Q7S6N4) and chloramphenicol (CmlS, Q9AL91).
halogenases require a carrier protein to link the substrate covalently, which makes it difficult to establish an in vitro enzyme assay for variant B halogenases.
It has been found that Streptomyces sp. JCM9888 produces a halogenated adenosine analogue which has antibiotic activity (Isono et al., 1984) . Searching the draft genome sequence revealed only two open reading frames which are homologous to regioselective halogenases (Zhao et al., 2014) , referred to here as HalX and HalY. They have high aminoacid sequence identity to each other (61% sequence identity) and the highest similarity to the FAD-dependent variant B halogenase PltA (51 and 68% sequence identity and similarity, respectively; Fig. 1 ). PltA catalyzes the dichlorination of a pyrrolyl-S-carrier protein during pyoluteorin biosynthesis, with an established in vitro enzyme assay (Dorrestein et al., 2005) . However, the lack of structural data has delayed our understanding of the reaction details of PltA. The available structural homologues of HalX or HalY are the chondrochloren halogenase CndH (PDB entry 3e1t; 27% sequence identity; Buedenbender et al., 2009) and the chloramphenicol halogenase CmlS (PDB entry 3i3l; 21% sequence identity; Podzelinska et al., 2010) ( Fig. 1) . The enzyme activities of both CndH and CmlS have yet to be reconstituted in vitro. As the role of HalX or HalY in adenine halogenation has not yet been determined, the ongoing structural determination and enzyme assays will help to elucidate the possible mechanism of adenine halogenation, which could further the understanding of the reaction of PltA. Here, we report the overexpression, purification and crystallization of the halogenase HalY. Preliminary X-ray diffraction analysis has also been performed.
Materials and methods
2.1. Macromolecule production 2.1.1. Cloning and overexpression of HalY. The gene encoding the FAD-dependent halogenase HalY was amplified from the genomic DNA of Streptomyces sp. JCM9888 by polymerase chain reaction (PCR) and cloned into the expression vector pET-28a between the NdeI and EcoRI sites with an N-terminal histidine tag. The constructed plasmid pET-28a-HalY was transformed into Escherichia coli DH5 cells for plasmid preparation and the encoding region of HalY was verified by DNA sequencing. The pET-28a-HalY plasmid was transformed into E. coli BL21 (DE3) pLysS cells for expression (Table 1) . A single colony of the transformants from LB-agar solid medium supplemented with 50 mg ml À1 kanamycin and 34 mg ml À1 chloramphenicol was picked and cultured overnight at 310 K in 100 ml LB liquid medium containing identical antibiotics as in the solid medium. The 100 ml overnight culture was used to inoculate 1 l LB liquid medium in a ratio of 1:100 with the essential antibiotics. When the cell density reached an OD 600 nm of 0.5, the culture temperature was decreased from 310 to 289 K and 0.1 mM isopropyl -d-1-thiogalactopyranoside (IPTG) was added to induce the overexpression of HalY. After additional growth at 289 K for 20 h, the cells were harvested by centrifugation and were stored at 193 K until use. Table 1 Macromolecule-production information. 2.1.2. Purification of HalY. The cell pellets containing the halogenase HalY from 2 l of culture were resuspended in 100 ml lysis buffer (20 mM Tris-HCl pH 7.8, 500 mM NaCl, 10 mM imidazole) and disrupted using a low-temperature high-pressure cell disruptor (JNBIO, People's Republic of China). The lysate was clarified by centrifugation at 35 000g for 30 min at 277 K and the supernatant was loaded onto a 5 ml HisTrap HP column (GE Healthcare, Sweden). During sample loading, a yellow protein layer accumulated at the top of the column, indicating the presence of bound FAD in HalY. After a six-column-volume wash with lysis buffer, the target protein HalY (yellow fraction) was eluted at an early stage of a linear gradient elution with elution buffer (20 mM Tris-HCl pH 7.8, 500 mM NaCl, 500 mM imidazole). The purity of HalY was further improved by running the sample through a HiLoad Superdex 200 16/60 size-exclusion chromatography column (GE Healthcare, Sweden) in sample buffer (20 mM Tris-HCl pH 7.8, 150 mM NaCl; Fig. 2a ). The major peak fractions remained yellow and were analyzed by 12% SDS-PAGE (Fig. 2b) .
Crystallization
For crystallization experiments, HalY was concentrated to 15 mg ml À1 in sample buffer (20 mM Tris-HCl pH 7.8, 150 mM NaCl). Crystallization trials were set up in 96-well sitting-drop plates using the JCSG+ and PACT crystallization screening kits (Qiagen, Germany). Each drop consisted of 0.6 ml protein solution plus 0.6 ml precipitant and was equilibrated by vapour diffusion against 70 ml precipitant. Microneedle crystals appeared after 3 d at 293 K. The pH range and precipitant concentration were optimized based on the initial crystallization hits. Yellow crystals with the best appearance were obtained by the hanging-drop vapour-diffusion method in 24-well plates using an optimized crystallization condition [0.1 M bis-tris propane pH 6.3, 16%(w/v) PEG 3350, 0.2 M NaCl] without supplementary FAD ( Table 2 Crystallization.
Method
Hanging-drop vapour diffusion Plate type 24-well plate Temperature (K) 293 Protein concentration (mg ml À1 ) 1 5 Buffer composition of protein solution 20 mM Tris-HCl pH 7.8, 0.15 M NaCl
Composition of reservoir solution 0.1 M bis-tris propane pH 6.3, 16%(w/v) PEG 3350, 0.2 M NaCl Volume and ratio of drop 2 ml (1:1 ratio of protein solution and reservoir solution) Volume of reservoir (ml) 400 Table 3 Data collection and processing.
Values in parentheses are for the outer shell. chosen as the cryoprotectant to supplement the optimized crystallization condition. The crystals were mounted in a nylon loop and flash-cooled in liquid nitrogen before diffraction.
Data collection and processing
X-ray diffraction data were collected from a single HalY crystal at 100 K on beamline 3W1A at Beijing Synchrotron Radiation Facility (BSRF) using a MAR 165 CCD detector (MAR Research, Germany) . A total of 360 images were collected in a single pass of 180 with 0.5 oscillation. The diffraction images were indexed, integrated and merged in XDS (Kabsch, 2010) and scaled with SCALA (Evans, 2006) as implemented in the xia2 package (Winter, 2010) . Datacollection and processing statistics are summarized in Table 3 .
Results and discussion
A new FAD-dependent halogenase HalY from Streptomyces sp. JCM9888, which has been reported to play a role in adenine halogenation (Zhao et al., 2014) , was successfully cloned and expressed in E. coli and purified to homogeneity. The molecular weight of HalY with an N-terminal histidine tag was confirmed to be 50 kDa by SDS-PAGE (Fig. 2b) . The elution volume of HalY in size-exclusion chromatography indicated a monomeric form in solution. The protein sample appeared to be yellow throughout the purification and crystallization procedures, suggesting tight binding of FAD to HalY (Fig. 3a) .
The crystal of HalY diffracted to a highest resolution of 1.7 Å (Fig. 3b) . The data were processed in the monoclinic space group P2 1 and are summarized in Table 3 . The overall R merge and R p.i.m were 5.7 and 3.0%, respectively. Cell-content analysis showed one HalY monomer per asymmetric unit, with a solvent content of 46% and a Matthews coefficient of 2.3 Å 3 Da À1 . The available structures of CndH (Buedenbender et al., 2009) and CmlS (Podzelinska et al., 2010) were both used as search models in molecular replacement with Phaser using the automatic resolution-selection strategy (McCoy et al., 2007) . However, only a search model of CndH prepared using CHAINSAW (Stein, 2008) gave an initial model of HalY, with RFZ = 8.9, TFZ = 5.6 and LLG = 63. Although the low TFZ value indicated an ambiguous solution, refinement using phenix.refine (Adams et al., 2010) led to an R free of 48.9%. The resulting electron-density map was visually inspected and matched the FAD-binding module of HalY well. The initial model was further automatically built using AutoBuild from the PHENIX package (Adams et al., 2010) , which decreased the R and R free factors to 22.8 and 26.1%, respectively. The electron-density map was unambiguous for the bound FAD cofactor and clear for the majority of the protein molecule. Manual model building and refinement are currently in progress.
